The relationship of sinusoidal smooth pursuit defects to pursuit defects with step-ramp targets in patients with cerebral lesions is unclear. We examined pursuit and saccades to both step-ramp and sinusoidal targets in 17 patients with unilateral cerebral lesions. Two types of pursuit defects were found. One group of three patients had ipsi-directional sinusoidal pursuit defects from lesions to the posterior internal capsule. Their chief abnormality with step-ramp targets was increased contra-directional pursuit. Their ipsi-directional step-ramp pursuit was often normal and disproportionately better than their ipsi-directional sinusoidal pursuit. Another patient with a parietal lesion had a second type of pursuit defect. He had low-normal sinusoidal pursuit bilaterally, but decreased ipsi-and contra-directional step-ramp pursuit. Also, he had an abnormal contra-directional drift after saccades to stationary targets. Despite these pursuit defects, saccadic accuracy did not show poor
Introduction
When there is a moving object of interest in the visual field, the smooth pursuit system generates accurate following eye movements to maintain a stable image of the object upon the retina, usually at or near the fovea. The generation of smooth pursuit involves a number of cerebral, cerebellar and brainstem structures. Within cerebral cortex, there is evidence in primates that several areas participate in smooth pursuit. In the monkey, pursuit-related responses have been demonstrated in the arcuate fundus of the frontal eye field (McAvoy et al., 1991; Gottlieb et al., 1994) , the supplementary eye field (Heinen, 1995; Tian and Lynch, 1995) , area 7a (Hyvärinen and Poranen, 1974; Mountcastle et al., 1975; Lynch et al., 1977) and in motion-sensitive regions such as the middle temporal area , the medial superior temporal area (Sakata et al., 1983; Kawano et al., 1984; Erickson and Dow, 1989; Thier and Erickson, 1992) and the ventral © Oxford University Press 1998 compensation for target motion in either patient type. The patient with the parietal lesion also had increased latencies for contralateral saccades. Recovery of pursuit was studied in one patient with an infarct of the posterior internal capsule. Initially he had a contra-directional bias that caused decreased ipsi-directional pursuit, increased contra-directional pursuit, and a contra-directional drift after saccades to stationary targets. Four months later, ipsi-directional pursuit and the post-saccadic drift to stationary targets had recovered, but contra-directional pursuit remained abnormally high. We conclude that lesions of descending pursuit tracts in the internal capsule are characterized by a contra-directional bias which recovers partly through a direction-specific adaptation. Lesions that affect the human homologue of posterior parietal cortex cause asymmetric bi-directional defects in pursuit initiation and increased contralateral saccadic latencies.
intraparietal area (Colby et al., 1993) . In humans, pursuit deficits have been reported with lesions of a number of cortical areas, including frontal, parietal and occipitotemporal regions (Thurston et al., 1988; Morrow and Sharpe, 1990 , 1993a , 1995 Lekwuwa and Barnes, 1996) .
The contribution of each of these different cerebral cortical areas to pursuit remains to be clarified. In the monkey, lesions of the middle temporal area create regions with defective motion perception in the contralateral visual hemifield (Newsome and Paré, 1988) , with inaccurate pursuit and saccades to moving targets within this 'retinotopic defect' (Newsome et al., 1985; Dürsteler et al., 1987; Dürsteler and Wurtz, 1988) . Impaired retinotopic pursuit merely reflects abnormal perceptual processing of target motion. At higher levels, however, pursuit behaviour becomes organized by direction as well. Lesions of the medial superior temporal area and possibly the foveal middle temporal area impair pursuit when the target is moving towards the side of the lesion, an 'ipsi-directional defect' (Dürsteler et al., 1987; Dürsteler and Wurtz, 1988) . This defect is specific for pursuit, since there is no ipsi-directional defect in the accuracy of saccades to moving targets (Dürsteler et al., 1987) . Lesions of the superior temporal polysensory area decrease both downward and ipsi-directional pursuit (Ó Scalaidhe et al., 1995) . Lesions of frontal eye fields decrease horizontal pursuit speed ipsi-directionally or bi-directionally (Lynch, 1987; Keating, 1991; McAvoy et al., 1991) , and this defect is thought to be specific for the motor component of pursuit, since it affects pursuit generated by either target motion or the subject's prediction of future target trajectory (Keating, 1993) .
In humans, ipsi-directional defects in pursuit were described in patients with hemianopia and hemidecortication or posterior hemispheric lesions (Gassel and Williams, 1963; Troost et al., 1972; Sharpe et al., 1979) . The role of hemianopia in generating the defect has since been discounted (Thurston et al., 1988) , and ipsi-directional defects have been described with more focal lesions of occipitotemporal (Morrow and Sharpe, 1993a; Heide et al., 1996; Lekwuwa and Barnes, 1996) , parietal (Baloh et al., 1980; Thurston et al., 1988) and frontal cortex (Morrow and Sharpe, 1990, 1995; Heide et al., 1996; Lekwuwa and Barnes, 1996) , as well as lesions of the posterior internal capsule (Brigell et al., 1984; Hirose et al., 1985; Morrow and Sharpe, 1990; Barton et al., 1996) . In addition, other types of pursuit defects have been reported less commonly, including retinotopic defects with occipitotemporal lesions (Thurston et al., 1988; Morrow and Sharpe, 1993a; Heide et al., 1996) , craniotopic defects (in which pursuit is defective while the eye is directed contralateral to the ocular mid-position) with parietal and frontal lesions (Bogousslavsky and Regli, 1986; Reeves et al., 1984; Morrow, 1996; Heide et al., 1996) and even contradirectional pursuit defects (Lawden et al., 1995; Heide et al., 1996; Lekwuwa and Barnes, 1996) .
Most of these studies used targets moving repetitively right and left, either with constant velocity ('triangular' pursuit) or with a sinusoidal oscillation. Subjects follow such motion with a mix of slow pursuit movements and small 'catch-up' saccades. The total amplitude or peak velocity of the pursuit component is divided by the amplitude or velocity of target motion over several cycles to give a 'gain' value, denoting the ability of the subject to 'maintain pursuit' over time. Because the act of pursuit reduces the motion of the target's image upon the retina, which is the direct stimulus for pursuit, pursuit maintenance operates as a negative feedback, or 'closed-loop' system. Furthermore, the repetitive nature of these tasks generates expectations about target trajectory, such that internal prediction rather than the external motion of the target may be used to drive the pursuit command. It has been estimated that as much as 65% of normal sinusoidal pursuit may be driven by prediction (Berg, 1988) .
On the other hand, step-ramp targets (Rashbass, 1961) can be used to derive measures of pursuit which minimize the contributions of negative feedback and prediction. Such targets suddenly appear in the peripheral field and begin to move at a constant velocity; both the location and the direction of motion can be randomized to minimize predictability. By recording the early phases of pursuit ('pursuit initiation'), before significant eye velocity has developed, the response to target motion in the absence of negative feedback can be noted (Tychsen and Lisberger, 1986; Lisberger and Pavelko, 1989) . Because step-ramp targets begin moving in the peripheral visual field, they also test for retinotopic pursuit defects (Newsome et al., 1985) . Also, since most targets trigger not only pursuit but also saccades that place the target on the fovea, the ability of the saccadic system to compensate for target motion can also be assessed (Dürsteler et al., 1987) . The specificity of any defects for moving targets can also be determined by comparison with performance to targets that step but do not ramp.
Despite these many advantages of step-ramp design, only three previous studies used them to study the effects of cerebral lesions on pursuit (Leigh and Thurston, 1986; Thurston et al., 1988; Morrow and Sharpe, 1993a, 1995; Heide et al., 1996) . Analysing by target location in the visual field, Thurston et al. (1988) found one patient with contralateral retinotopic defects in pursuit and saccades to moving targets, and Morrow and Sharpe (1993a) found retinotopic pursuit defects in two patients, one of whom lacked a similar defect for saccadic accuracy. All these patients had occipitotemporal lesions. Heide et al. (1996) found more dissociations in patients with right occipitotemporal lesions, with retinotopic pursuit defects in two and retinotopic saccadic defects in two others. Why retinotopic pursuit and saccadic defects were not correlated in these latter two studies is unclear.
Analysing according to the direction of target motion, Thurston et al. (1988) found that four patients with ipsidirectional defects in pursuit maintenance with 'triangular pursuit' had similar ipsi-directional defects in pursuit initiation with step-ramp targets. In Morrow and Sharpe's (1993a) study, ipsi-directional sinusoidal pursuit-maintenance defects and ipsi-directional step-ramp pursuit-initiation defects were highly dissociated, with many subjects having one but not the other. Only one subject had both. Heide et al. (1996) found that ipsi-directional pursuit defects with either right frontal or occipitotemporal lesions were more frequently seen in sinusoidal and triangular (predictable) pursuit than in step-ramp pursuit. However, they did not state whether the subjects with defects in step-ramp pursuit also had defects in predictable pursuit, so one cannot determine, from their data, whether there was a single or a double dissociation. Both Thurston et al. (1988) and Morrow and Sharpe (1993a) concurred that ipsi-directional defects did not occur in saccadic accuracy with moving targets.
We used step-ramp stimuli to examine pursuit initiation and saccadic responses to both stationary and moving stimuli, by patients in whom we had also studied motion direction discrimination and sinusoidal pursuit (Barton et al., 1995 (Barton et al., , 1996 . 
Methods Subjects
Seventeen patients with unilateral acquired lesions of the cerebral hemispheres visible on CT or MRI were recruited from in-patient wards and out-patient clinics of Toronto hospitals (Table 1) . Their mean age was 48.9 Ϯ 14.2 years (range 23-80 years). Thirteen had right and four had left hemispheric lesions, reflecting the exclusion of patients with severe aphasic comprehension problems. Subjects with optic neuropathy, glaucoma or corrected Snellen visual acuity worse than 20/40 were also excluded. Visual fields were tested by confrontation and with Humphrey automated static perimetry (30-2 program). Four patients with right hemispheric lesions had intact fields bilaterally; all others had some homonymous defect, ranging from complete maculasplitting hemianopia to quadrantanopia. All patients completed a 7-item standardized neglect battery (Black et al., 1990 ) that included drawings, line bisections, a line cancellation task and a figure cancellation task. Subjects were given scores out of 100 and classified as having no, mild or severe neglect. All patients had testing of their discrimination of motion direction in foveal vision, using random dot cinematograms, as previously reported (Barton et al., 1995) . Some with intact visual fields had also been tested for retinotopic defects in motion perception in their peripheral visual fields. All had measurements of sinusoidal pursuit also, with the target moving at frequencies of 0.25, 0.5 and 1.0 Hz over a peakto-peak amplitude of 20° (Barton et al., 1996) . Those patients with abnormalities of motion perception or of sinusoidal pursuit will be indicated in the results.
Controls were 14 normal subjects, with a mean age of 53.5 Ϯ 17.9 years (range 23-76 years). All patients and control subjects gave informed consent to participate in the study, whose techniques were approved by The Toronto Hospitals Ethics Committee.
Template lesion analysis
The lesions on CT or MR scans were inspected to determine the angle of slice for axial images. The appropriate templates were selected from an atlas (Damasio and Damasio, 1989) and the lesions traced onto a template copy (Fig. 1) . We chose one template for use as a common reference template. When angles of slice varied between this reference template and the template used for a patient's scan, we reconstructed the lesions onto this reference template, using the anatomical guides and surface views provided in the atlas. Lesions were traced onto templates before tests of smooth pursuit, preventing knowledge of test results from biasing the drawing of lesion boundaries.
Procedure
Vertical and horizontal eye position was recorded with a magnetic search coil technique, using 6-foot field coils (CNC Engineering, Seattle, Wash., USA), displayed on a rectilinear ink-jet polygraph and digitized on-line at 200 samples per second on a PDP 11/73 computer. Eye position was differentiated using a 5-point central difference differentiation algorithm (Bahill and McDonald, 1983) to give instantaneous eye velocity in both planes. Subjects sat bracing against a headrest, with instructions to keep their head still. The target was a 0.25°red He-Ne laser spot back-projected onto a semitranslucent tangent screen 1 m from the subject.
The target stayed at the central fixation point for 1 s then stepped to one of 16 locations (Fig. 2) , ranging from 9°to 21°in radial eccentricity, and corresponding to the centres of the 16 peripheral radon dot cinematogram displays in a previous study of motion perception (Barton et al., 1995) . Following the step, the target moved with constant velocity (ramped) either rightward or leftward for 1 s. After the ramp was completed, the target returned to the centre. Though the time of step onset was predictable, neither the location of the step nor the direction of the ramp were. In the first set of 64 step-ramps the ramp velocity was 20°/s; in the second set it was 10°/s. Lastly a set of 64 steps without ramps (0°/ s) were presented, to examine eye movements in the absence of a pursuit target. We instructed subjects to follow the target as closely as possible, without anticipating the movement. They were verbally encouraged periodically to maintain alertness and attention.
Data for step-ramp pursuit were digitized at 500 samples per second. If the subjects' eye position strayed out of a 3°w indow surrounding central fixation at the onset of the target step, the response was rejected. Saccades with latencies beyond 450 ms were excluded. Eye movements with velocities above 58.6°/s were identified as saccades; onset and offset of saccades were defined as the points where eye velocity first and last exceeded 29.3°/s.
Eye movement analysis
The normal tracking response to a step-ramp target is a combination of smooth pursuit and foveating saccades (Fig. 3) . Since pursuit latency is shorter than the latency of visually guided saccades, the first movement is a small smooth pursuit response to the ramp, beginning~100-130 ms after the step (Morrow and Sharpe, 1993b) . Prior to this onset of pursuit, while the eyes are still stationary, the motion of the target upon the retina is equal to the motion of the target in the environment. However, after the eye begins to follow the target, the retinal image motion is reduced, being equal to real target motion minus eye motion. This negative feedback will not affect the target information guiding pursuit for another 100-130 ms or so, however. Thus the first 100 ms of the pursuit response, which itself begins~100 ms after the target begins to move, represents the 'open-loop' performance of the system ('pre-saccadic pursuit'). A saccade foveates the target at~200 ms, correcting for the change in target position created by both the step and the subsequent ramp. Because of the latency of the pursuit system response, the smooth pursuit response in the 100 ms immediately following the saccade ('post-saccadic pursuit') is still a response to the motion of the target prior to its foveation.
We restricted analysis to intact visual fields (for an analysis of step-ramp responses in blind hemifields, see Barton and Sharpe, 1997) . Because of our interest in how the horizontal target motion affected responses, we also restricted analysis to the horizontal component of both smooth pursuit and saccades. For each patient we grouped data by hemifield, and we calculated the means of the different parameters for each of the five different step-ramp velocity conditions: 20°/ s leftward, 10°/s leftward, 0°/s (step without ramp), 10°/s rightward and 20°/s rightward.
Previous studies of step-ramp pursuit initiation have documented ipsi-directional decreases in pursuit, either in pre-saccadic acceleration, the first 20 ms of post-saccadic pursuit, or in the maximum velocity achieved in the first 100 ms after pursuit onset (Thurston et al., 1988; Morrow and Sharpe, 1993a) . However, identifying pursuit onset is a cumbersome statistical procedure (Morrow and Sharpe, 1993a) , and the double differentiation to obtain acceleration from positional data is inherently noisy. We studied two pursuit velocity measures instead. We measured pre-saccadic pursuit by taking the average pursuit velocity from 100 ms after target onset to 200 ms after target onset or the start of the first saccade, whichever came first. We measured postsaccadic pursuit in the 100 ms immediately after saccadic offset. This post-saccadic pursuit is the most robust indicator of the pursuit response to target motion in the peripheral field. While it allows sufficient time for the operation of negative feedback, assuming normal pursuit latencies of 100-130 ms, average saccadic latencies of 200 ms and saccadic durations of 50-100 ms, we found that the presaccadic pursuit velocities achieved were very weak and did not reduce retinal image motion much. Thus, our postsaccadic pursuit provides a reasonable estimation of the initial response to target motion, before corollary eye position information becomes an important input.
For saccadic performance, we measured latency, which was the interval between the onset of target motion and saccadic onset, and amplitude. Saccadic error (°) was defined as the difference between the amplitude of the horizontal component of the initial (primary) saccade and the horizontal target position at the onset of the saccade. By our convention, saccadic undershoot in either hemifield was represented as a positive value, and overshoot as a negative one.
Results

Pre-saccadic pursuit
The average velocity in the pre-saccadic interval was very low. Among normal subjects, mean pre-saccadic pursuit velocity (ϮSD) averaged 0.33 Ϯ 1.13°/s to the 20°/s target Fig. 3 Examples of step-ramp pursuit trials. Horizontal eye position, target position and a smoothed representation of horizontal eye velocity are displayed. At the start of each trial the target is at the centre of the screen and stationary, and the eye position and eye velocity are zero. At the vertical dotted lines the target steps into the peripheral field and starts ramping; the eye follows soon after. For each subject, both centripetal and centrifugal responses are shown. Rightward movements are shown as upward deflections, straight arrows point to the post-saccadic pursuit eye velocity segments. Top: normal subject HH, aged 75 years. Note the excellent saccadic accuracy in the position trace and the good post-saccadic pursuit velocities in both directions. Middle: Patient BDC, with an ipsidirectional sinusoidal pursuit defect and a left occipitotemporal lesion. Note the increased contra-directional (rightward) post-saccadic pursuit, requiring a 'back-up' saccade (curved arrow) to stay on target, and the decreased ipsi-directional (leftward) post-saccadic pursuit. Bottom: Patient MVM, with a right parietal lesion. Note decreased contra-and ipsi-directional responses and the very hypometric saccade to the leftward (centripetal) target (arrowhead). and 0.09 Ϯ 0.68°/s to the 10°/s target. For comparison, the mean pre-saccadic eye velocity with static targets was 0.14 Ϯ 0.49°. Thus it would be difficult to detect a deficient response, unless there was a large paradoxical pursuit in the opposite direction to target motion. These figures indicated a gain of only 0.01 to 0.03 for mean pre-saccadic pursuit velocity. This poor pre-saccadic pursuit response is consistent with prior experience, showing that such pursuit is measurable in a minority of trials (Thurston et al., 1988; Morrow and Sharpe, 1993a, 1995) , and less likely when the target creates a need for a large refixating saccade, such as foveofugal ramps (Morrow and Sharpe, 1993a; Heide et al., 1996) and most of our targets.
Using an average pursuit onset of 115 ms, an assumption of constant acceleration (Morrow and Sharpe, 1993a ) and the mean latency data of each subject, we can extrapolate approximately what the pursuit velocity achieved would be, just prior to saccadic onset. This suggested that peak presaccadic pursuit speeds would amount, at most, to 5-10% of target speed. With such minimal pre-saccadic pursuit, there would be little impact of either negative feedback or corollary eye motion information upon post-saccadic pursuit, and thus, while post-saccadic pursuit is not strictly 'open loop', its main input would still be retinal image motion.
Post-saccadic pursuit velocity
In normal subjects, post-saccadic pursuit of centrifugally moving targets was faster than that of centripetal ones (Fig. 4) . However, the control subjects also had a centrifugal postsaccadic drift with static targets, with a mean value of 3.2 Ϯ 2.6°/s. With moving targets, post-saccadic eye velocity is thus a mixture of true responses to target motion and a post-saccadic centrifugal drift unrelated to target motion. We studied the relationship between post-saccadic drift and postsaccadic pursuit in our normal subjects. If drift accounted entirely for the directional asymmetry in post-saccadic pursuit, then the difference between centripetal and centrifugal pursuit would equal twice the value of postsaccadic drift. However, we found that the slope of the regression was not 2.0, but 1.38. Therefore the pursuit system takes post-saccadic drift partly into account, and the directional asymmetry is 30% less than expected from postsaccadic drift alone. To measure the post-saccadic eye movement generated by target motion, we calculated driftcorrected pursuit responses, by subtracting 70% of each hemifield's mean post-saccadic drift from each subject's mean pursuit velocities (Fig. 5) . For control subjects, driftcorrected pursuit responses were symmetrical.
For patients we considered both actual and drift-corrected mean post-saccadic eye velocities. Among the four patients with ipsi-directional deficits in sinusoidal pursuit, excessive contra-directional post-saccadic pursuit was found in three (Figs 3 and 4) . Their ipsi-directional post-saccadic pursuit was normal (KPS, SHH) or borderline-low (BDC). Postsaccadic drift with stationary targets was normal (Fig. 4) . Drift-corrected pursuit responses confirmed that the main abnormality in this group was a contra-directional increase Fig. 4 . Note that MVM has decreased pursuit responses not only ipsidirectionally but now also contra-directionally (curved arrows), while the contra-directional responses of KPS, SHH and BDC remain elevated. (Fig. 5) . In these three patients, the pursuit defect was attributed to a lesion of the posterior internal capsule. For Patient DJ, who had a statistically marginal sinusoidal pursuit defect and a more dorsal occipitoparietal lesion, post-saccadic pursuit was normal. No patients with normal pursuit had a lesion of the posterior internal capsule.
Among patients without ipsi-directional deficits in sinusoidal pursuit, CJL and SDS had a similar pattern of increased contra-directional post-saccadic pursuit (Fig. 4) . Unlike the patients with sinusoidal pursuit deficits, CJL and SDS had high-normal ipsi-directional post-saccadic pursuit and sinusoidal pursuit gains bilaterally (Barton et al., 1996) . Thus, a vigorous pursuit response in both directions coupled with minimal post-saccadic drift to static targets may have created a 'pseudo-pursuit asymmetry' in step-ramp responses.
Patient MVM, who had symmetric sinusoidal pursuit in the normal range, had an ipsi-directional decrease in postsaccadic pursuit (Figs 3 and 4) . In addition, his responses to static targets in both hemifields showed, not a centrifugal post-saccadic drift, but a contra-directional one. While his post-saccadic pursuit velocities for contra-directionally moving targets were normal, these were only slightly increased over his contra-directional post-saccadic drift. Thus, his drift-corrected responses showed abnormally low contradirectional pursuit responses to 20°/s targets in addition to the deficit in ipsi-directional post-saccadic pursuit (Fig. 5) .
We did not find any retinotopic defects in pursuit initiation. Of the patients with motion perception defects from occipitotemporal lesions, we could test only BAW and one quadrant with KPS contralaterally, as the others had extensive visual field defects. Analysis of these two patients by quadrants (BAW had a slight elevation of motion thresholds in one quadrant alone) showed no retinotopic pursuit defect; however, quadrant analysis is less reliable because of the 50% reduction in data.
Saccadic latency
Among patients with normal fields, GRP showed abnormally prolonged latencies in both hemifields, mainly to moving targets but with the latencies to static targets also in the borderline range (Fig. 6 ). Thus she probably had a generalized elevation of latency in both visual fields. Patient MVM had prolonged latencies to static targets and some moving targets in the contralateral hemifield only.
Among patients with hemianopia, BDC and WJH had increased latencies to all targets in the ipsilateral hemifield. This may be related to age in WJH, our oldest patient. The other 13 patients with hemianopia also tended to have latencies above the mean of the normal control subjects, though in the normal range.
Saccadic accuracy
We represent this data in terms of saccadic undershoot, which in both hemifields will be represented by positive values (Fig. 7) . Normal subjects undershot all targets. Compared with static targets, normal subjects have more undershoot for centripetal targets and less for centrifugal targets. We have argued elsewhere (Barton et al., 1996) that the size of this difference suggests that saccadic amplitude with moving targets is calculated for target position at the end rather than the beginning of saccades. Inability to use motion information for calculating saccadic amplitude would yield a pattern of normal errors with static targets, an increased undershoot for centrifugal targets and an overshoot (decreased undershoot) for centripetal targets. We did not find this in any subject. An ipsi-directional deficit or bias would yield an increased undershoot for centrifugal and possibly all targets in the ipsilateral hemifield, with overshoot in the contralateral hemifield. This was not seen in any patient with full fields, nor did any patient with hemianopia and defects in motion perception or sinusoidal pursuit have excess undershoot in the ipsilateral hemifield.
One unusual finding was the increased undershoot for centripetal targets in both hemifields by MVM (Figs 3 and  7) . This suggests an excessive compensation for centripetal target motion in this patient with abnormally low pursuit initiation.
Relationship to sinusoidal pursuit defects
Pursuit maintenance with a sinusoidal target can use negative feedback and prediction to supplement retinal image motion in generating eye movement, factors lacking in pursuit initiation with random targets. Therefore, the relationship of sinusoidal pursuit maintenance to step-ramp pursuit initiation is of interest. We performed linear regression of sinusoidal pursuit gain against drift-corrected pursuit response velocity in the ipsilateral hemifields of our patients without pursuit defects (Fig. 8) . With both 10°/s and 20°/s targets, the correlation coefficients for all three frequencies of sinusoidal Fig. 4 . Deficient correction for target motion would lead to more undershoot for centrifugal target motion and less undershoot for centripetal target motion. This is not apparent in any subject. MVM has increased undershoot for centripetal motion in either hemifield (arrows), suggesting excessive rather than deficient correction for target motion.
Fig. 8
Relationship between step-ramp and sinusoidal pursuit. Sinusoidal pursuit gains are plotted against drift-corrected post-saccadic pursuit responses for rightward and leftward pursuit separately. The left panel uses post-saccadic pursuit responses to the 20°/s target, with data from the 10°/s target in the right panel. Data is taken from patients without pursuit abnormalities. Regression lines are shown with corresponding slopes and correlation coefficients r in bottom right corners. The solid line is for regression using the 0.25 Hz sinusoidal pursuit target, the dashed line for that using the 0.5 Hz target and the dotted line for that using the 1.0 Hz target. All correlations are significant at P Ͻ 0.005.
Fig. 9
Step-ramp versus sinusoidal pursuit in patients with defects. As in Fig. 6 , sinusoidal pursuit gains are plotted against driftcorrected post-saccadic pursuit responses, here for patients with pursuit abnormalities. Lines represent the linear regressions from Fig. 6 . Squares indicate data from patients with sinusoidal pursuit defects ('SP defect'), crosses show data from the two patients with 'pseudopursuit asymmetry'. Note that the ipsi-and contra-directional data of MVM fall close to the linear regression, whereas the ipsidirectional data for those with sinusoidal pursuit defects consistently fall below the linear regression, indicating a more pronounced defect in sinusoidal pursuit than in step-ramp pursuit. pursuit were~0.5, or better, and best for the 0.25 Hz target. The slopes of the linear regressions were similar for 0.25 Hz and 0.5 Hz targets, but slightly steeper for 1.0 Hz targets.
Next we examined the results of the patients with pursuit anomalies in relation to the data from patients with normal pursuit (Fig. 9) . Patients with ipsi-directional sinusoidal pursuit defects had data points for ipsi-directional performance that fell below the linear regression line, indicating a more severe deficit of sinusoidal pursuit maintenance than predicted by their step-ramp pursuit initiation. In contrast, the ipsi-and contra-directional sinusoidal pursuit gains in patient MVM were appropriate to his step-ramp performance. The two patients with 'pseudopursuit asymmetry' (CJL and SDS) had ipsi-and contradirectional data points that fell near the linear regression in the high-normal range, consistent with the interpretation that their pursuit system is not defective, but functioning at or above normal.
Effects of hemifield visual defects
Previous reports asserted that hemianopia does not affect tracking of moving targets (Thurston et al., 1988) . To study this we performed a group analysis, dividing the patients into those with full fields, those with right visual field defects and those with left visual field defects. We compared each group with the normal control subjects (Table 2 ). For postsaccadic pursuit, no patient group differed from normal control subjects. For saccadic latency, both groups with hemifield defects had increased latencies with static and moving targets in the 'normal' ipsilateral hemifield. In contrast, the group with full visual fields had significantly increased latencies in the contralateral, but not the ipsilateral hemifield. For saccadic error, there was increased undershoot to static and moving targets in the ipsilateral hemifield of patients with right visual field defects, but not among those with right hemispheric lesions, with or without field defects.
Recovery of the ipsi-directional pursuit defect
We had the opportunity to study one patient, SHH, at both 1 and 5 months after the onset of his infarction. In the preceding figures his data are from testing at 5 months, to maintain consistency with the other patients with sinusoidal pursuit defects, who were all studied in their chronic phase. Comparisons of his two test periods showed that his ipsidirectional defect in motion perception recovered completely, a finding which we did not attribute to practice, since other patients with more chronic lesions did not show similar improvement on re-testing (Fig. 10) . Also, his ipsi-directional sinusoidal pursuit recovered partially at all three frequencies (Fig. 10) . His step-ramp post-saccadic pursuit showed an ipsi-directional shift that was graded across our range of targets (Fig. 11) . The largest change was a significant increase in ipsi-directional post-saccadic pursuit. His post-saccadic drift to stationary targets changed from an abnormal centripetal drift to a centrifugal one of normal magnitude. However, his contra-directional pursuit did not change significantly; it remained abnormally elevated. There was no significant change in pre-saccadic pursuit, saccadic latency or saccadic error.
Discussion
The relationship between sinusoidal and step-ramp directional pursuit defects is not clear from previous studies. Thurston et al. (1988) found that all four of their patients with ipsi-directional pursuit defects had absent pre-saccadic acceleration, but that significant asymmetries in maximum velocity during the first 100 ms of pursuit occurred in only two, both with increased contra-directional as well as decreased ipsi-directional step-ramp pursuit. No patients with normal sinusoidal pursuit had abnormalities of step-ramp pursuit. In contrast to this single dissociation, Morrow and Sharpe (1993a) found four patients with a sinusoidal pursuit defect alone and three with a step-ramp pursuit defect alone (Morrow and Sharpe, 1993a) . Only one patient had asymmetries in both step-ramp and sinusoidal pursuit. Heide et al. (1996) found that sinusoidal and triangular pursuit defects were more frequent than step-ramp pursuit defects in patients with right frontal or posterior parietal lesions. However, they did not discuss the correlation within individual patients. We found evidence for at least two types of directional pursuit defects. Three patients with lesions of the posterior limb of the internal capsule (KPS, SHH and BDC) had a similar constellation of findings. First, they had asymmetric sinusoidal pursuit, with decreased ipsi-directional and highnormal contra-directional gains. Secondly, they had increased contra-directional post-saccadic pursuit velocities to stepramps. In the chronic state they had normal post-saccadic drift with stationary targets, and mainly normal ipsidirectional post-saccadic pursuit. Thirdly, their ipsidirectional sinusoidal pursuit gains were disproportionately reduced compared with their ipsi-directional post-saccadic pursuit velocities, replicating on an individual basis what Heide et al. (1996) found for groups of patients with either right frontal or right posterior parietal lesions. Fourthly, they had no defect in saccadic latency or accuracy specific for moving targets.
A second type of directional pursuit defect was seen in patient MVM. Sinusoidal pursuit was symmetric, in the low-normal range.
Step-ramp tests revealed decreased ipsidirectional pursuit and a contra-directional post-saccadic drift. Contra-directional pursuit, rather than being high, was lownormal, and in fact was also deficient when the effects of drift were taken into account. His sinusoidal pursuit gains were proportional to his step-ramp velocities. There was no motion-specific problem with saccadic latency, but saccades to contralateral hemifield targets were delayed. Saccadic accuracy showed no deficiency in estimating motion; in fact, his saccades corrected excessively for centripetal target motion.
With only one case, one cannot be certain about the anatomical defect causing MVM's pursuit abnormalities. However, a comparison of the lesions of MVM and SHH (with the first type of pursuit defect) is instructive. Both had significant damage to cortex and deep white matter. SHH had damage mainly to occipitotemporal cortex, accounting for his motion perception defect, and to the posterior internal Note the large increase in ipsi-directional (rightward) post-saccadic pursuit (arrowhead) and the shift of post-saccadic drift with static targets (i.e. 0°/s target velocity) to a normal centrifugal motion, whereas there is no significant change in the excessive contra-directional (leftward) pursuit. No change is seen in saccadic latency (bottom left panel) or saccadic accuracy (bottom right panel).
capsule, accounting for his pursuit defect (Barton et al., 1995 (Barton et al., , 1996 . MVM's lesion was close to but did not involve the capsule and extended more dorsally than SHH's lesion, involving Brodmann area 40, just anterior to the inferior parietal lobule. Since pursuit-related responses have been identified in monkey area 7a (Mountcastle et al., 1975; Lynch et al., 1977) and the ventral intraparietal area (Colby et al., 1993) , MVM's lesion may involve human homologues of these areas in the intraparietal sulcus or inferior parietal lobule, or the white matter tracts connected to these regions. This would also explain his increased contralateral saccadic latencies, since the intraparietal sulcus also contains the lateral intraparietal area, or 'posterior eye field' (Anderson et al., 1992) , which plays a role in saccadic generation (see below).
Are there precedents for these two types of defects? Increased contra-directional pursuit gain occurs in monkeys with lesions of the medial superior temporal area (Dürsteler and Wurtz, 1988) . Increased contra-directional and decreased ipsi-directional sinusoidal pursuit has been reported with hemidecortication (Sharpe et al., 1979) and less commonly from focal lesions (Thurston et al., 1988; Morrow and Sharpe, 1990; Heide et al., 1996) . Thurston et al. (1988) found that their two patients with significant asymmetries in both stepramp and sinusoidal pursuit had increased contra-directional step-ramp pursuit speed; one had increased contra-directional sinusoidal pursuit as well, but their patient 3 did not (Thurston et al., 1988) . Thus their patient 3 and our SHH, BDC and KPS share several features: decreased ipsi-directional sinusoidal pursuit gain, high-normal contra-directional sinusoidal pursuit gain and increased contra-directional stepramp pursuit speed. Like our patients, their patient 3 had a lesion that encroached upon the posterior limb of the internal capsule (Thurston et al., 1988) .
On the other hand, most of Morrow and Sharpe's (1990) patients had decreased contra-directional as well as decreased ipsi-directional sinusoidal pursuit. Among their four patients with decreased ipsi-directional post-saccadic step-ramp pursuit, one had low contra-directional pursuit as well (Morrow and Sharpe, 1993a) . Like MVM, this patient had a right parietal lesion. Heide et al. (1996) found that bidirectional decreases are frequent in patients with right posterior parietal lesions. Lekwuwa and Barnes (1996) associated bi-directional pursuit defects with damage to dorsolateral frontal cortex and posterior parietal cortex. They attributed bi-directional defects to damaged spatial attentional networks, though most of their patients performed normally on hemineglect tests, as did MVM. Without better evidence of spatial inattention, this hypothesis remains speculative. In fact, two features of MVM's tracking are not explained by general spatial inattention. First, this would not explain his contra-directional post-saccadic drift with static targets. Secondly, he makes accurate saccades to centrifugally moving targets and indeed excessively compensates for centripetal target motion. Thus his pursuit defect does not reflect inattention to target motion; rather, any 'inattention' must be specific to pursuit behaviour.
Origins of excessive contra-directional pursuit
There are at least three possible explanations of the contradirectional increase in pursuit initiation. One is that the system operates in a 'push-pull' fashion, with a constant bias added onto all pursuit eye movements by a lesion, much as occurs in the vestibular system. This would cause increased contra-directional and decreased ipsi-directional gains, as seen in sinusoidal pursuit in patients with hemidecortication (Sharpe et al., 1979) and sometimes those with more focal lesions (Thurston et al., 1988) . Also, this bias can manifest as a contra-directional drift even without ongoing pursuit, creating a 'pursuit-paretic' nystagmus during fixation (Gassel and Williams, 1963; Sharpe et al., 1979; Thurston et al., 1988) . While the velocity of this nystagmus seemed sufficient to explain the increase in contra-directional pursuit velocities in hemi-decorticate patients (Sharpe et al., 1979) , Leigh and Thurston (1986) judged it too low to do so in patients with focal posterior hemispheric lesions.
A second explanation is that excessive contra-directional gain is a consequence of gain adaptation to the ipsi-directional defect. If recovery involves a gain adjustment that is not directionally specific, then the improvement in ipsi-directional pursuit must be accompanied by an increase in contradirectional pursuit. Such a bi-directional gain adjustment has been shown in humans and monkeys in response to ocular muscle weakness (Optican et al., 1985) , and was hypothesized by Dürsteler and Wurtz (1988) to explain the increased contra-directional pursuit in monkeys with lesions of the medial superior temporal area. A third possibility (Sharpe et al., 1979; Leigh, 1989 ) is a strategic adaptation to retinotopic defects: with abnormal motion perception in the contralateral hemifield, contra-directional gain for sinusoidal pursuit increases to keep the target in the normal ipsilateral hemifield.
With step-ramps or step targets, the bias hypothesis predicts decreased ipsi-directional pursuit initiation and abnormal contra-directional post-saccadic drift, in amounts equivalent to the increase in contra-directional pursuit. However, these two parameters were mostly normal in our chronic subjects, findings compatible with both adaptation hypotheses instead. Strategic adaptation, though possible, seems as likely with hemianopia as with a retinotopic motion defect. This may explain the high gains found in two patients (CJL and SDS) with visual field defects but normal sinusoidal pursuit. However, contra-directional pursuit was normal in the majority of patients with contralateral visual field defects. In particular it was not evident in some with complete hemianopia involving the macula, for whom this strategy would have been most useful, whereas four of the five patients with increased contra-directional pursuit velocities had incomplete hemianopia, with significant para-foveal sparing in three. Might adaptation depend upon other patient characteristics? Lesion duration does not seem a factor (Table 1) , nor does age. While many patients with contradirectional increases were young at onset (Ͻ30 years old), at least one (KPS) was 60 years old. Most telling is the normal contra-directional pursuit in patients PAC and DJH, with complete hemianopia occurring before the age of 40 years and present for at least a year.
Thus, strategic adaptation seems unlikely. While some of the features of step-ramp pursuit in our chronic patients would seem to be against a 'constant bias' hypothesis, further insight into the origins of pursuit asymmetry came from the study of patient SHH as he recovered from his acute stroke.
Recovery of pursuit
In monkeys, pursuit recovers after lesions of the frontal eye fields (Lynch, 1987; Keating, 1991 , MacAvoy et al., 1991 and of the middle temporal area or the medial superior temporal area (Newsome et al., 1985; Dürsteler et al., 1987) . Slower and incomplete recovery occurs even after complete eradication of both the middle temporal area and the medial superior temporal area, which must be mediated by parallel projections to other cortical areas (Yamasaki and Wurtz, 1991) . In humans, Leigh (1989) described a patient with a temporoparietal haemorrhage who had recovery of retinotopic pursuit initiation 1 year later. A few small reports have serially examined ipsi-directional pursuit defects, with no improvement over 3-4 weeks in four patients (Baloh et al., 1980; Bogousslavsky and Regli, 1986) , but some improved by 3 months in one patient with a thalamic haemorrhage (Brigell et al., 1984) . However, recovery after haemorrhage is not necessarily adaptive; it may simply reflect resolution of the haemorrhage and return to activity of temporarily nonfunctioning neurons. Infarction is a better substrate, provided that the patient is first tested a few weeks after onset, allowing oedema and the ischaemic penumbra to resolve. Patient SHH, tested at 1 and 5 months after his stroke, provides evidence that ipsi-directional pursuit defects do recover partially, and that this is more likely to represent adaptation than neuronal recovery.
The pattern of SHH's step-ramp pursuit recovery sheds light on the origins of excessive contra-directional gain. On the first occasion he was tested, he had not only increased contra-directional pursuit but also abnormal contra-directional post-saccadic drift and borderline-low ipsi-directional pursuit. The size of the directional bias was similar for most targets, though slightly higher for the 20°/s contra-directional target (possibly because some adaptation has already begun in the first month). Thus he began with findings consistent with a contra-directional bias. On the second occasion, contradirectional pursuit had not changed, but post-saccadic drift and ipsi-directional pursuit had improved into the normal range. Thus, his step-ramp pursuit evolved through a direction-specific adaptation (Carl and Gellman, 1986 ) into a picture very similar to that of the patients with more chronic lesions. Like his defect, adaptation was specific for pursuit responses. Leigh and Thurston (1986) argued that pursuit-paretic nystagmus during fixation was inadequate to explain pursuit asymmetry by a superimposed contra-directional bias, and that the persistence of asymmetry indicated a lack of directionally specific adaptation. Patient SHH shows that the acute findings of at least some pursuit defects are consistent with the bias hypothesis, and that there is direction-specific adaptation of ipsi-directional pursuit and post-saccadic drift. Thus, the chronic picture in patients with lesions of the posterior internal capsule is a combination of bias and adaptation. The effects of such direction-specific adaptation were not considered in previous dismissals of directional bias as the basis of pursuit asymmetry.
Saccadic function
MVM had increased saccadic latencies with static and moving targets in the contralateral hemifield. His lesion may have involved a homologue of the lateral intraparietal area or its projections. The lateral intraparietal area projects to the frontal eye fields (Andersen et al., 1985) , superior colliculus and pontine nuclei related to saccades (Andersen et al., 1992) , and its neurons have significant saccade-related activity (Barash et al., 1991a, b) . Human PET scans have shown saccadic activation in posterior parietal cortex (Anderson et al., 1994; O'Sullivan et al., 1995; Sweeney et al., 1996) , more specifically the intraparietal sulcus (Petit et al., 1996) . Inferior parietal lobule lesions in monkeys increase saccadic latency bilaterally, more so contralaterally (Lynch and McLaren, 1989) , similar to the effect of transcranial magnetic stimulation of human posterior parietal cortex (Elkington et al., 1992; Zangemeister et al., 1995) . Lesions of human posterior parietal cortex increase the latency of saccades contralaterally (Sundqvist, 1979; Heide et al., 1995) or bilaterally (Pierrot-Deseilligny et al., 1987) . In particular, right-sided lesions may cause a milder ipsilateral as well as a contralateral increase (Pierrot-Deseilligny et al., 1991a; Heide et al., 1995) . MVM's increased contralateral saccadic latency is thus consistent with unilateral damage of the 'posterior eye field', involved in triggering visually guided saccades (Pierrot-Deseilligny et al., 1995) .
GRP had increased saccadic latency in both hemifields, but normal accuracy. GRP had a large right cortical and subcortical frontal lesion, extending from the precentral gyrus to the pole, involving the frontal eye fields and dorsolateral pre-frontal cortex, two areas implicated in saccadic control (Pierrot-Deseilligny et al., 1991a) . While lesions restricted to the frontal eye field either decrease or do not affect the latency of visually guided saccades (Guitton et al., 1985; Pierrot-Deseilligny et al., 1987) , lesions of dorsolateral prefrontal cortex can cause bilateral latency increases for memory-guided or visually guided saccades (PierrotDeseilligny et al., 1991a, b) .
As a group, patients with visual hemifield defects had prolonged latencies for saccades to their 'normal' hemifield. This was marked in BDC, who had a congenital lesion, and in WJH, whose latencies were probably also elevated because of age. Increased ipsilateral latencies have been seen in hemidecorticate patients (Sharpe et al., 1979) and prior studies of hemianopia (Meienberg et al., 1981) . They are consistent with increased manual reaction times and reduced sensitivity to ipsilateral targets in hemianopia, which may reflect damage to inter-hemispheric connections of visual cortex (Rizzo and Robin, 1996) .
Saccadic accuracy was normal for most patients. We did not find defects for moving targets in the contralateral hemifield, but most patients with occipitotemporal lesions and motion perception defects had hemianopia, precluding testing for retinotopic defects. The most interesting finding was undershoot for centripetal targets by MVM, who had bi-directional defects in smooth pursuit. This represents excessive, rather than poor, compensation for target motion by the saccadic system. We suspect that this may be an adaptive strategy to poor pursuit; in effect, the small saccades allow him to wait for the target to catch up with his eye, rather than him having to use his inadequate pursuit. Leigh (1989) noted a similar strategy in another patient with poor pursuit who delayed saccades to centripetal targets.
Ipsi-directional pursuit defects were not accompanied by impaired saccadic latency or accuracy for moving targets, in keeping with other results in humans and monkeys (Dürsteler et al., 1987; Thurston et al., 1988; Morrow and Sharpe, 1993a) . This suggests that directional pursuit defects are related to the motor aspects of the task, rather than its sensory input (Leigh, 1989) . We have previously shown that directional defects in pursuit are dissociated from defects in motion perception (Barton et al., 1996) . While abnormalities in motion perception usually result from lesions of the occipitotemporal junction (Vaina, 1989 (Vaina, , 1994 Regan et al. 1992; Plant et al., 1993; Barton et al., 1995; Greenlee et al., 1995) , many patients with such lesions had normal pursuit. Ipsi-directional sinusoidal pursuit defects occurred mainly with extensive white matter damage, particularly to the posterior limb of the internal capsule (Barton et al., 1996) . Normal saccadic accuracy for both ipsi-directional and contradirectional targets is further evidence against a defect in motion perception underlying directional defects in sinusoidal pursuit.
